The synthesis of hyaluronic acid oligomers (tri-and tetrasaccharide) is described. We have followed a pre-glycosylation oxidation strategy. Glucuronic acid units were directly employed in coupling reactions with suitably protected glucosamine derivatives. In order to simplify the purification of synthetic intermediates, a fluorousassisted strategy has been also explored. Using this approach, a hyaluronic acid trisaccharide was prepared.
Introduction
Hyaluronic acid is a negatively charged linear polysaccharide that belongs to the glycosaminoglycan family. It is constituted by the repetition of disaccharide units of D- glucuronic acid (GlcA)-β(1→3)-N-acetyl-D-glucosamine (GlcNAc)-β(1→4).
Hyaluronic acid is the only glycosaminoglycan that does not contain sulfate groups.
Despite its simple chemical structure, hyaluronic acid is involved in a wide range of biological processes, such as cell-migration, recognition and tumor invasion. 1 The specific biological activities of hyaluronic acid strongly depend on the length and molecular weight of the carbohydrate chain. 2 For example, high molecular weight polymers are anti-angiogenic while smaller oligosaccharide fragments induce angiogenesis. In this context, well-defined synthetic oligosaccharides are useful to elucidate the role of hyaluronic acid chains in nature. In particular, synthetic oligosaccharides, with defined sequence and length, are required to study, at the molecular level, the interactions between hyaluronic acid and certain protein receptors that trigger the biological functions of this natural product. These studies can potentially lead to the interference and control of a particular biological process.
Several approaches have been reported for the synthesis of hyaluronic acid oligosaccharides. [3] [4] [5] Two main strategies have been employed for the preparation of these molecules. 6 In the pre-glycosylation oxidation strategy, glucuronic acid building blocks are directly used in coupling reactions. [7] [8] [9] [10] [11] [12] [13] [14] The low reactivity of these units can afford low to moderate yields in the glycosylation reactions. [15] [16] [17] For this reason, an alternative post-glycosylation oxidation approach has been also considered. In this second method, glucose moieties are used for the assembly of the oligosaccharide chain. 6, [18] [19] [20] [21] [22] [23] Then, glucose units are oxidized to the corresponding glucuronic acids to give the final hyaluronic acid molecules. The oxidation of highly elaborated intermediates is, however, a complex and challenging synthetic step.
Recently, several methods have been reported to accelerate the preparation of hyaluronic acid oligomers, facilitating the purification of synthetic intermediates. Huang and coworkers 6 developed a pre-activation based iterative one-pot strategy in which anomeric reactivity adjustment and intermediate oligosaccharide purifications are not required. Using a fully automated solid-phase approach, Codée, van der Marel and coworkers [24] [25] described the synthesis of hyaluronic acid fragments up to the pentadecamer level.
Here, we describe the total synthesis of one tri-and one tetrasaccharide that correspond to the structure of hyaluronic acid, using a stepwise strategy. Glucuronic acid building blocks were directly employed for the glycosylation reactions. Additionally, we have explored the use of a fluorous tag to facilitate the preparation of this type of compounds.
Results and discussion
For the preparation of hyaluronic acid oligosaccharides, we have followed the retrosynthetic analysis shown in Scheme 1. We envisaged that final molecules, such as tetrasaccharide 1, could be obtained from the corresponding fully protected precursors, GlcA units 3 and 5 28 were prepared from commercially available 1,2;5,6-di-Oisopropylidene-α-D-glucofuranose. Glucosamine trichloroacetimidate 4 was prepared from monosaccharide 6 10, 26 as shown in Scheme 2. The anomeric acetate of 6 was exchanged for an anomeric silyl ether (→7). Removal of the remaining acetates followed by the formation of the 4,6-benzylidene acetal and subsequent levulinoylation at position 3 gave monosaccharide 8 in 76% yield over three steps. The regioselective reductive opening of the 4,6-di-O-benzylidene acetal of compound 8 gave the 4-OH monosaccharide 9 in high yield. Compound 9 was then acetylated (→10), desilylated (→11) and activated as trichloroacetimidate (→4).
With the required building blocks at hand, we first accomplished the preparation of trisaccharide 16 (Scheme 3). The glycosylation reaction between monomers 4 and 5 gave the desired disaccharide 12 in good yield. It is important to note that the yield of this coupling reaction strongly depended on the protecting group distribution of the GlcA building block. In preliminary experiments, we also employed highly disarmed glucuronic acid derivatives as glycosyl acceptors to build the GlcNAc-GlcA linkage (see Supporting Information). However, using GlcA units that contain acyl groups at positions 2 and 3, the glycosylation yields were significantly lower (18-41%, see Supporting Information). Therefore, the use of more reactive, partially benzylated unit 5 was crucial to increase the efficiency of the glycosidic bond formation. Disaccharide 12 was selectively delevulinoylated to obtain glycosyl acceptor 13. Glycosylation with GlcA trichloroacetimidate 3 gave trisaccharide 14 in moderate yield. A considerable amount (18%) of unreacted acceptor 13 was also recovered from the reaction mixture.
Treatment with H 2 O 2 /LiOH and then with NaOH hydrolyzed all the ester and amide groups. Selective N-acetylation afforded precursor 15 that was hydrogenated in the presence of Pd(OH) 2 to give the fully deprotected hyaluronic acid trisaccharide 16 in high yield.
Next, we carried out the synthesis of tetrasaccharide 1 (Scheme 4). Compound 14 was treated with hydrazine monohydrate in pyridine/acetic acid buffer to give trisaccharide acceptor 17. Coupling with glucosamine trichloroacetimidate 4 gave the fully protected tetrasaccharide 2 in good yield. Finally, saponification followed by N-acetylation and hydrogenolysis afforded hyaluronic acid tetramer 1.
The classical stepwise synthesis of oligosaccharides requires multiple chromatographic purifications that hamper this process. We decided to evaluate the utility of a fluorinated tag [29] [30] to facilitate the purification of the synthetic intermediates 31 and, therefore, the preparation of the hyaluronic acid oligomers. As a first goal, we managed the fluorousassisted preparation of trisaccharide 15 (Scheme 5). Fluorous compounds can be easily separated from nonfluorinated molecules by a simple fluorous solid-phase extraction (F-SPE) on FluoroFlash silica gel. [32] [33] Importantly, the reactions involving fluorous compounds can be monitored by standard TLC, NMR and mass spectrometry. 34 Compared to solid-phase approaches, fluorous-assisted oligosaccharide synthesis often consumes lower amounts of building blocks since the reactions are run in solution. 35 Our approach involved the attachment of the fluorous tag to the reducing end GlcA monomer through the carboxylate group (Scheme 5). Thus, starting from known diol
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oxidation with calcium hypochlorite and catalytic TEMPO followed by treatment with heptadecafluoroundecyl iodide in DMF at 60ºC directly gave fluorinated glycosyl acceptor 20. Using this strategy, the introduction of the fluorous tag did not involve additional synthetic steps because the analogous acceptor 5, required for the "classical" synthesis of oligomers 1 and 16, was also prepared from diol 19 by the same two-step procedure (oxidation and esterification). Fluorous acceptor 20 was then glycosylated with trichloroacetimidate 4, using the same reaction conditions employed for the preparation of comparable disaccharide 12. The crude mixture was quickly purified by The overall yield for the synthesis of 23 (12%) was lower than the one obtained in the classical non-fluorous route (27%). This fact can be explained by the observed loss of material during F-SPE purifications, using our set of building blocks. Finally, the fluorous tag was easily removed during basic hydrolysis. Selective N-acetylation afforded compound 15 that can provide hyaluronic acid trisaccharide 16, as shown before.
Conclusions
We have described a strategy for the preparation of hyaluronic acid oligosaccharides. and p-toluenesulfonic acid (367 mg, 1.9 mmol) were added. After stirring at room temperature for 3 h, EtOAc was added and the mixture was extracted with saturated . (1 mL) in the presence of activated 4Å MS and then stirred, under an argon atmosphere, for 10 min at 0 ºC. TMSOTf (0.82 µL, 4.5 µmol) was added. After stirring for 15 min at 0ºC, the reaction mixture was neutralized with Et 3 N, filtered, and concentrated to dryness. The reaction mixture was purified by using a FSPE column as described above. 
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